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(57) ABSTRACT

A DC to DC converter includes an inductor having a first
terminal and a second terminal, the first terminal coupled to
an input of the DC to DC converter and the second terminal
being coupled to an output of the DC to DC converter. A first
switch is coupled between the second terminal and a current
sensor. The switch controls current flow through the inductor
and generates an inductor current signal representative of the
current flow through the sensor. A slope generator generates
a slope compensation signal. A first mixer adds the slope
compensation signal to the inductor current signal. A sample
and hold circuit samples a portion of the slope compensation
signal. A second mixer subtracts the sampled portion of the
slope compensation signal from the output of the first mixer,
wherein inductor charging is terminated in response to the
output of the first mixer.

20 Claims, 4 Drawing Sheets
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DC TO DC CONVERTER

This patent application claims priority to U.S. provisional
patent application 61/847,348, filed on Jul. 17, 2013, entitled
REDUCING THE VARIATION OF INDUCTOR CUR-
RENT LIMIT WITH DUTY CYCLE BY REMOVING
SLOPE COMPENSATION IN A CURRENT MODE CON-
TROLLED DC-DC CONVERTER, naming Ajay K. Hari et
al. as inventors, which is hereby incorporated by reference
for all purposes.

BACKGROUND

Some embodiments of DC to DC converters charge an
inductor for a period. The inductor is then discharged into a
capacitor. Discharging the inductor into the capacitor
changes the voltage across the capacitor. The capacitor
voltage is the output voltage, although in some embodi-
ments, the capacitor voltage is filtered to remove noise and
the filtered voltage is the output voltage. The charging and
discharging of the inductor is similar to a pulse width
modulation system whereby the lengths of the charging
and/or discharging determines the output voltage.

Some of the DC-DC converters use current mode control,
which controls the output voltage based on the current
passing through the inductor. Current mode control is sus-
ceptible to sub-harmonic oscillation for duty cycles greater
than fifty percent in peak mode and duty cycles less than
fifty percent in valley mode. Peak mode is where the current
peaks are controlled and valley mode is where current
valleys are controlled. The sub-harmonic oscillations cause
noise and inaccurate DC to DC conversions.

SUMMARY

An embodiment of a DC to DC includes an inductor
having a first terminal and a second terminal, the first
terminal is coupled to an input of the DC to DC converter
and the second terminal is coupled to an output of the DC to
DC converter. A first switch is coupled between the second
terminal of the inductor and a current sensor, the first switch
has a closed state when current flows through the first switch
and an open state when current does not flow through the
first switch. The current sensor is coupled between the first
switch and a node, wherein the current sensor is for gener-
ating an inductor current signal representative of the current
flow through the sensor. A slope generator is for generating
a slope compensation signal. A first mixer having an output
adds the slope compensation signal to the inductor current
signal. A sample and hold circuit samples a portion of the
slope compensation signal. A second mixer having an output
subtracts the sampled portion of the slope compensation
signal from the output of the first mixer. The first switch is
opened in response to the output of the first mixer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a prior art DC to DC
converter.

FIG. 2 is a schematic diagram of an embodiment of a DC
to DC converter that overcomes the problems associated
with the converter of FIG. 1.

FIG. 3A is a graph depicting an embodiment of the
inductor current through the inductor of FIG. 2.

FIG. 3B is a graph depicting an embodiment of the slope
compensation generated by the slope generator of FIG. 2.
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FIG. 3C is a graph depicting the summation of the
inductor current of FIG. 3A and the slope compensation of
FIG. 3B.

FIG. 3D is a graph depicting the subtraction of the peak
slope compensation from the graph of FIG. 3C.

FIG. 4 is a flowchart describing the operation of the DC
to DC converter of FIG. 2.

DETAILED DESCRIPTION

Reference is made to FIG. 1, which is an embodiment of
a prior art DC to DC converter 100 operating in a buck
mode. The converter 100 typically includes other circuitry
and devices that monitor the output voltage. The devices and
methods described herein are related to current sensing, so
output voltage monitoring is not described with reference to
FIG. 1. The converter 100 has an input 102 where an input
voltage V,, is applied and an output 104 where an output
voltage V7 1s output from the converter 100. Both the
input voltage V,, and the output voltage V. are DC
voltages.

The converter 100 includes a switch, which in the
embodiment of FIG. 1 is a field effect transistor (FET) Q1
that is coupled to the input 102. Source current ig(t) flows
from the input 102 and through the FET Q1 depending on
the gate voltage of the FET Q1. A diode D1 and an inductor
L1 are coupled (e.g. connected) to the output of the FET Q1.
The inductor L1 outputs a load current I, (t) to a capacitor C1
and a resistor R1. The voltage across the resistor R1 and the
capacitor C1 is the output voltage V.. The on-time and
off-time of the FET Q1 determines the charging of the
inductor L1, which determines the charging of and voltage
across the capacitor C1. As described above, the voltage
across the capacitor C1 is the output voltage V. of the
converter 100.

The FET Q1 is controlled by a controller 110, which in the
embodiment of FIG. 1 is a latch 110. The output Q of the
latch 110 controls the state of the FET Q1, wherein the FET
Q1 is either open or closed depending on the gate voltage of
the FET Q1. An input S of the latch 110 is coupled to a clock
112. The output Q is normally equal to the input S, unless the
input R is set. As described below, the input R sets when the
source current [(t) is greater than a predetermined value.

A current sensor 120 measures the source current I(t) into
the inductor [L1. The current sensor 120 outputs a voltage
that is input to a comparator 122. The comparator 122
compares the voltage output by the current sensor 120 to a
reference voltage V. The voltage V. .- is representative
of the maximum current that should charge the inductor LL1.
When the current I4(t) surpasses the current corresponding
to the voltage V5, the comparator 122 outputs a voltage
that resets the latch 112 and opens the FET Q1, which stops
the inductor .1 from charging.

The converter 100 described above directly limits the
current I, (t) in the inductor L.1 when the current I,(t) is at a
peak or when it exceeds a value corresponding to the voltage
V zxer For example, the current I, (t) is similar to the current
14(t) when the inductor L1 is charging. The converter 100
can be configured to limit the current I, (t) in the inductor [.1
by limiting the valley current I,(t) or peak current I,(t) as
described above. Based on the foregoing, the inductor valley
or peak current I, (t) is limited directly, however, the average
inductor current that is indirectly limited varies with the duty
cycle of the current I,(t). The duty cycle is sometimes
referred to as D and is the percentage of a cycle of the
current I, (t) that flows through the inductor 1. This varia-
tion in average current is primarily due to variations of
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inductor ripple, which is referred to as sub-harmonic oscil-
lation, and slope compensation with duty cycle.

The converter 100 is susceptible to sub-harmonic oscil-
lation for duty cycles greater than fifty percent in peak mode
and duty cycles less than fifty percent in valley mode. Peak
mode is the configuration described above when the peak
current in inductor [.1 is limited and valley mode is when the
valley current is limited. In order to attenuate the sub-
harmonic oscillation, a compensating ramp, known as slope
compensation, is added to the inductor current sense signal
1,(t) in peak current control mode or subtracted from the
current sense signal I (t) in valley current mode control. The
same current sense signal with the added compensation
ramp is typically presented to a current limit comparator
because it is desirable to avoid sub-harmonic oscillation in
either current limit mode.

When the converter 100 is based on buck topology, the
output voltage Vag is less than the input voltage V. In the
buck topology, the slope compensation is achieved using a
slope compensating ramp function. The slope compensation
is proportional to V. ,/L in peak control and (V -V o,0)/L
in valley control. Depending on the input and output con-
ditions, the magnitude of the slope compensating ramp can
dwartf the inductor current sense signal [(t), which often
occurs in the case of valley mode. The converters and
methods described herein provide for current limiting cir-
cuitry that is more accurate by removing the slope compen-
sation and avoiding sub-harmonic oscillation.

An embodiment of a DC to DC converter 200 that
overcomes the problems associated with the prior art con-
verter 100 is shown in FIG. 2. The converter 200 includes an
input 202 that receives a DC input voltage V.. The input
voltage V,, is converted to an output voltage V- that is
present on an output 204 of the converter 200. The converter
200 is configured as a boost converter, so the output voltage
Voo 18 greater than the input voltage V.. The converter
200 includes an inductor L2 that is coupled between the
input 202 and a node N1. The inductor [.2 is sometimes
referred to as having a first terminal that is coupled to the
input and a second terminal that is coupled to the node N1.
The inductor 1.2 stores energy and discharges energy in the
form of electric current.

A switch SW1 is coupled between the node N1 and a
current sensing resistor R1. The state of the switch SW1 is
controlled by a pulse width modulation (PWM) controller,
which is not shown in FIG. 1. The switch SW1 controls the
charging and discharging of the inductor L2 along with the
duty cycle. A diode D2 is coupled between the node N1 and
the output 204. The diode D2 prevents the inductor .2 from
charging by way of voltages present on the output 204.
Therefore, the inductor .2 is only able to be charged from
the input voltage V,,, at the input 202. The output 204 is
coupled to a low-pass filter 210, which in the embodiment
of FIG. 2 includes a capacitor C2 and a resistor R2. The
low-pass filter 210 serves to attenuate ripple and transients.

The output voltage V - is monitored by an error ampli-
fier 212 that amplifies the voltage difference between the
output voltage V. and a reference voltage Vz-,. The
output of the error amplifier 212 is coupled to an input of a
comparator 216. As described in greater detail below, the
comparator 216 compares the output of the error amplifier
212 to a voltage slope. The output of the comparator 216 is
coupled to a PWM controller (not shown) that controls the
state of the switch SW1 as is known in the art.

The current sensing resistor R1 is connected to a node,
which in the embodiment of FIG. 2 is ground. The resistor
R1 is also coupled to a filter 218 that includes resistors R3
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and R4 and a capacitor C3. The resistance of the sensing
resistor R1 is typically very small, so the voltage generated
by the sensing resistor R1 is amplified by an amplifier 220.
The output of the amplifier 220 is coupled to an input of a
mixer 222. The mixer 222 has a second input that is coupled
to a slope generator 224. The slope generator 224 generates
a ramp function to offset or attenuate the sub-harmonic
oscillations when the duty cycle exceeds fifty percent for
peak monitoring or is less than fifty percent for valley
monitoring. The output of the mixer 222 is coupled to the
comparator 216 where it is compared to the output of the
error amplifier 212 as described above.

The output of the slope generator 224 is also coupled to
a sample and hold circuit 230 that includes a capacitor C4
and a switch SW2. The sample and hold circuit 230 is
coupled to the input of a mixer 240 where it is subtracted
from the output of the mixer 222. The waveforms associated
with the mixers 222 and 240 are described in greater detail
below. The output of the mixer 240 is coupled to a com-
parator 242 where it is compared to a predetermined voltage
Ve The output of the comparator 242 is a signal used to
terminate the charging of the inductor L.2. Accordingly, the
voltage V- 1s a voltage that corresponds to the maximum
charging current that the inductor .2 can be subjected to. For
example, if the inductor L2 is charging too high, it can
damage components in the converter 200 or generate an
output voltage V.- that is too great.

The operation of the converter 200 will now be described.
In summary, a combination of inductor current sense signal
and slope compensation ramp is presented to the current
limit comparator 242. When this signal crosses a predeter-
mined threshold established by the voltage reference V.,
a current limit event is detected and a pulse used to close the
switch SW1 is immediately terminated for the rest of the
cycle. Terminating the charging is accomplished by opening
the switch SW1 so that the inductor [.2 cannot charge any
further. The converter 200 preserves the advantage of adding
or deleting the slope compensation from the current sense
signal using the mixer 222, which avoids sub-harmonic
oscillation. The duty cycle that operates the switch SW1 has
a very small change from one cycle to the next cycle, so the
required slope compensation variation generated by the
slope generator 224 is also very small. Accordingly, the
amount of slope compensation added in a given cycle is peak
detected and, using the sample and hold circuit 230, the
information is stored. At the beginning of the subsequent
cycle, the inductor current signal is offset by the slope
compensation information stored by the sample and hold
circuit 230 from the previous cycle. Slope compensation is
added or subtracted to the present cycle normally. Therefore,
the current sense signal output by the mixer 240 reaches the
same peak as the previous cycle. This does not change the
onset of the inductor current limit signal output by the
comparator 242 and the presence of slope compensation will
avoid sub-harmonic oscillation.

The operation of the converter 200 will now be described
in greater detail. The converter 200 converts the input DC
voltage V,,, to an output DC voltage V5. A PWM con-
troller (not shown) closes the switch SW1, which cause
current to flow from the input 202, through the inductor .2,
and through the sensing resistor R1. After a predetermined
time, the switch SW1 is opened causing the energy stored in
the inductor L1 to discharge current through the diode D2
and into the capacitor C2. Because the capacitor C2 and the
resistor R2 form a low-pass filter, the output voltage V5.
is a DC voltage.
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The output voltage V ., is monitored by the error ampli-
fier 212 which amplifies the difference between the output
voltage V. and the reference voltage V. The error
amplifier 212 outputs a voltage that is compared to the
output of the mixer 222 by the comparator 216. if the voltage
is low, the PWM controller adjusts the duty cycle of the
pulses operating the switch SW1 to increase the charge on
the inductor [.2, which charges the capacitor C2 to a higher
voltage. If the voltage is high, the PWM controller adjusts
the duty cycle of the pulses operating the switch SW1 to
decrease the charge on the inductor .2, which charges the
capacitor C2 to a lower voltage. In other embodiments, the
error amplifier 212 or other circuitry monitors the output
voltage V. to determine if it is within a predetermined
range. The duty cycle of the pulses operating the switch
SW1 is adjusted to bring the output voltage V - within the
predetermined specification.

The current used to charge the inductor 1.2 when the
switch SW1 is closed is referred to as the inductor current
and is sensed by the resistor R1. The value of the resistor R1
is very small so as not to interfere with the charging of the
inductor L.2. The voltage generated by the inductor current
flowing through the resistor R1 is filtered by the filter 218
and amplified by the amplifier 220. An example of the
inductor current is shown by the graph of FIG. 3A, which
shows the time in which the inductor [.2 is charging and
discharging, wherein the charging portion has a slope m1.
The duty cycle is the ratio of the time that the inductor [.2
is charging divided by the time of one period of a cycle, so
it is related to the percentage of a cycle that the inductor [.2
is charging. The peak inductor current is referred to as X and
is sometimes referred to as the peak inductor current.

The inductor current is input to the mixer 222 where it is
added to the slope compensation generated by the slope
generator 224. An embodiment of the slope compensation
generated by the slope generator 224 is shown in FIG. 3B.
The slope compensation has a peak noted by Y, a duration
that corresponds to the charge time in FIG. 3A and a slope
m?2. The slope compensation is also input to the sample and
hold circuit 230 as described in greater detail below. The
mixer 222 outputs the sum of the inductor current and the
slope compensation, which is shown by the exemplary graph
of FIG. 3C. As shown in FIG. 3C, the peak output by the
mixer 222 is the sum of X and Y and the slope is also the sum
of the slope m1 of the inductor current and the slope m2 of
the slope compensation. The output of the mixer 222 is input
to the comparator 216 where it is used to by the PWM
controller (not shown) to control the switch SW1 in a
conventional manner.

The output of the mixer 222 is also output to the mixer
240 where the peak of the slope compensation, FIG. 3B, is
subtracted from the slope generator signal. The output of the
mixer 240 is shown by the graph of FIG. 3D. During the
slope generation by the slope generator 224, the switch SW2
is closed so that the capacitor C4 charges to the value of Y.
After the peak has been reached, the switch SW2 is opened
so that the DC voltage of amplitude Y is input to the mixer
240. The output of the mixer 240 has a peak X and a slope
of m1 plus m2. The signal of FIG. 3D is input to the
comparator 242 where it is compared to the reference
voltage Vyz.,. If the voltage output by the mixer 240
exceeds the reference voltage Vyzz, the comparator 242
outputs a signal that terminates the charging of the inductor
L2. More specifically, when the comparator 242 outputs a
voltage, the current limit of the inductor [.2 and/or the
converter 200 has been reached, so the switch SW1 is
opened.
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The maximum slope compensation generated by the slope
generator 224 is peak detected from the previous cycle. This
maximum slope compensation is offset or subtracted from
the sum of the inductor current sense signal and the slope
compensation by the mixer 240. Therefore, the peak reached
by the input to the comparator 242 is equal to X in the given
cycle but the slope will have both the inductor current slope
and the slope of the slope compensation in it. In conven-
tional converters, the signal to terminate the charging of the
inductor is the sum of the inductor current and the slope
compensation. In many situations, the slope compensation is
a significant portion of this signal, so the current limiting
signal that terminates the charging of the inductor is not
accurate.

The advantages of the converter 200 over conventional
converters are described below. A combination of the induc-
tor current signal and the slope compensation ramp gener-
ated by the slope generator 224 is presented to the current
limit comparator 242. When the signal crosses the prede-
termined threshold set by the voltage reference Viyzrs, a
current limit event is detected and the switch SW1 is opened
in order to terminate the charging of the inductor L2 for rest
of the cycle. The converter 200 preserves the advantage of
adding or subtracting the slope compensation from the
inductor current signal, which prevents sub-harmonic oscil-
lation.

The duty cycle change from one cycle to the next is
typically small and therefore the required slope compensa-
tion variation from one cycle to the next cycle is also small.
Accordingly, the amount of slope compensation added in a
given cycle is peak detected and stored using the sample and
hold circuit 230. At the beginning of the subsequent cycle,
the inductor current signal is offset by the slope compensa-
tion information stored from the previous cycle in the
sample and hold circuit 230. The stored slope compensation
is added or subtracted to the current cycle by use of the
mixer 240. Therefore, the signal input to the comparator 242
signal will reach the same peak as the previous cycle. This
will not modify the triggering of a signal from the compara-
tor 242 to limit inductor current; however, the presence of
the slope compensation will avoid sub-harmonic oscillation.

The operation of the slope compensation with the inductor
current sensing is shown by the flowchart 400 of FIG. 4. The
method of FIG. 4 commences at step 402 with charging an
inductor for a first period, the inductor being coupled
between an input of the DC to DC converter and the output
of the DC to DC converter. In step 404, the inductor is
discharged for a second period, the combination of the first
period and the second period being a cycle in a frequency.
The flowchart continues at step 406 with generating an
inductor current signal representative of the current flow
through the inductor during a first period. In step 408 a
compensation signal is generated by adding a ramp function
to the inductor current signal. In step 410 an offset signal is
generated by subtracting a value of the ramp function from
the compensation signal. In step 412 the charging of the
inductor is terminated in response to the offset signal.

The converter 200 and the method of operating the
converter 200 with regard to terminating the charging of the
inductance 1.2 applies to buck, boost and buck-boost based
DC to DC converters in peak current mode control, valley
current mode control or voltage mode control with a current
limit function.

Although illustrative embodiments have been shown and
described by way of example, a wide range of alternative
embodiments is possible within the scope of the foregoing
disclosure.
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What is claimed is:

1. A DC to DC converter comprising:

an input terminal for receiving an input DC voltage;

an output terminal for supplying an output DC voltage;

a first inductor terminal and a second inductor terminal,
the first inductor terminal coupled to the input terminal,
and the second inductor terminal coupled to the output
terminal;

a first switch operative to control an inductor current
flowing from the second inductor terminal to the output
terminal;

a current sensor for measuring the inductor current and
generating an inductor current signal;

a slope generator for generating a slope compensation
signal;

a first mixer having an output, the first mixer for adding
the slope compensation signal to the inductor current
signal;

a sample and hold circuit for sampling a portion of the
slope compensation signal; and

a second mixer having an output, the second mixer for
subtracting the sampled portion of the slope compen-
sation signal from the output of the first mixer, the first
switch at least partially controlled in response to the
output of the second mixer.

2. The DC to DC converter of claim 1 further comprising

a comparator having an output, the comparator for compar-
ing the output of the second mixer to a predetermined value
and wherein the first switch is switched in response to the
output of the comparator.

3. The DC to DC converter of claim 1, wherein the sample
and hold circuit is for sampling a peak value of the slope
compensation signal.

4. The DC to DC converter of claim 1, wherein the first
switch is coupled between the second inductor terminal and
a ground.

5. The DC to DC converter of claim 1, wherein the first
switch opens and closes per a frequency, wherein the sample
and hold circuit samples a portion of the slope compensation
occurring during a first period of the frequency, and wherein
the second mixer mixes the sampled signal to the output of
the first mixer based on a second period of the frequency.

6. The DC to DC converter of claim 5 wherein the second
period of the frequency is the period directly following the
first period.

7. The DC to DC converter of claim 1, wherein the first
switch is a field effect transistor.

8. The DC to DC converter of claim 1, wherein:

the inductor current signal has a first slope during a time
when the inductor current is increasing;

the slope compensation signal has a slope compensation
value based on a slope compensation ramp function;
and

the output of the second mixer has a third slope that is the
sum of the first slope and the slope compensation value.

9. The DC to DC converter of claim 1, wherein the peak
voltage output by the second mixer has an amplitude that is
substantially the same as a peak amplitude of the inductor
current signal.

10. The DC to DC converter of claim 1, wherein the peak
voltage output by the first mixer has an amplitude that is
substantially the sum of the peak amplitude of the inductor
current signal and the slope compensation signal.

11. The DC to DC converter of claim 1 further compris-
ing:

a second comparator for comparing the output voltage to

a predetermined voltage; and
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a third comparator for comparing the output of the second
comparator to the output of the first mixer;

wherein the state of the first switch is at least partially
controlled in response to the output of the third com-
parator.

12. The DC to DC converter of claim 1 further comprising

a diode coupled between the second inductor terminal and
the output terminal.

13. The DC to DC converter of claim 1 further comprising
a low pass filter coupled between the output terminal and a
ground potential.

14. A method of operating a DC to DC converter, the
method comprising:

charging an inductor for a first period, the inductor being
coupled between an input of the DC to DC converter
and an output of the DC to DC converter;

discharging the inductor for a second period, the combi-
nation of the first period and the second period being a
cycle in a frequency;

generating an inductor current signal representative of the
current flow through the inductor during a first period;

generating a compensation signal by adding a slope
compensation signal to the inductor current signal;

generating an offset signal by subtracting a value of the
amplitude of the slope compensation signal from the
compensation signal; and

terminating charging of the inductor in response to the
offset signal.

15. The method of claim 14, wherein the compensation
signal has a slope that is substantially equal to the sum of the
inductor current signal and the slope compensation signal.

16. The method of claim 14, wherein the compensation
signal has a peak amplitude that is substantially equal to the
sum of the peak amplitude of the inductor current signal and
the peak amplitude of the slope compensation signal.

17. The method of claim 14 further comprising storing the
peak amplitude of the slope compensation signal during a
first cycle and wherein generating an offset signal comprises
subtracting a peak amplitude of the slope compensation
signal from a subsequent cycle of the compensation signal.

18. The method of claim 14 wherein generating an offset
signal further comprises generating an offset signal that has
substantially the same peak amplitude as the peak amplitude
of the inductor current signal.

19. The method of claim 14 further comprising comparing
the offset signal to a predetermined voltage and wherein
terminating charging of the inductor comprises terminating
charging of the inductor in response to the offset signal being
greater than the predetermined voltage.

20. A DC to DC converter comprising:

an inductor having a first terminal and a second terminal,
the first terminal coupled to an input of the DC to DC
converter and the second terminal being coupled to an
output of the DC to DC converter;

a first switch coupled between the second terminal and a
current sensor, the first switch having a closed state
when current flows through the first switch and an open
state when current does not flow through the first
switch;

the current sensor being coupled between the first switch
and a ground, the current sensor for generating an
inductor current signal representative of the current
flow through the sensor;

a slope generator for generating a slope compensation
signal;

a sample and hold circuit for storing the peak amplitude
of the slope compensation signal during a first period;
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a first mixer having an output, the first mixer for adding
the slope compensation signal to the inductor current
signal;

a second mixer having an output, the second mixer for
subtracting the sampled portion of the slope compen-
sation signal from the output of the first mixer during
a second period, wherein the second period is subse-
quent to the first period; and

a comparator coupled to the output of the second mixer,
the comparator for comparing the output of the second
mixer to a predetermined voltage;

wherein the first switch is opened in response to the output
of the comparator.
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